Introduction
Recently, non-aqueous media can be used in capillary electrophoresis (CE). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Non-aqueous media in CE will have, at least, three major advantages compared with aqueous media. Namely, non-aqueous media enables us 1) to analyze substances not readily soluble, or which aggregate in aqueous solutions because of their high hydrophobicity, [3] [4] [5] [6] 2) to employ such interactions of analytes with separation matrix components (the solvents, electrolytes ions or modifiers) as those not encountered in aqueous solutions as separation modes, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and 3) to analyze unstable compounds in aqueous solutions. The first and second advantages have been investigated previously. There is, however, little work reported on the third advantage.
In the present work, we selected ionic radicals as targets from the standpoint of the third advantage. Most radicals are highly reactive and are not stable. Thus, in general, it will not be easy for radicals to survive during such separation procedures as HPLC, although there were earlier reports on the HPLC separation of spin-adducts for ESR spectroscopy analysis as exceptionally stable radicals. 19, 20 A separation analysis of unstable radicals, however, is not impossible if we can remove the factors that quench and modify the radicals from the separation media. Separation, detection and determination of radicals as intermediates must give useful information to elucidate the mechanisms of interesting reactions. An analysis of the separation behavior of radicals may also give interesting information regarding their physical and chemical features.
In this paper, we report on the electrophoretic detection of two organic anion radicals arising from the electrolysis of benzoquinone and chloranil using non-aqueous capillary zone electrophoresis (CZE). In aqueous media, in general, anion radicals of p-quinones are unstable, immediately generating their hydroquinones or stable complexes of the hydroquinones and the quinones. [21] [22] [23] O2 in separation media also quenches the anion radicals. Therefore, aprotic media and high-speed separation under anaerobic conditions are preferable to analyze anion radicals. Taking account of these situations, non-aqueous CZE seems to be a promising separation method. Furthermore, we briefly mention the employment of a hydrogen-bonding interaction between the radicals and methanol as a modifier from the viewpoint of the second advantage. This will be the first report on the electrophoretic detection of radicals unstable in aqueous media, as far as we know.
Experimental

Materials
Benzoquinone (BQ) and chroranil (CA) were purchased from Nacarai Tesque (Kyoto, Japan). BQ was purified by repeated sublimation under reduced pressure. CA was recrystallized from acetone. Acetonitrile and methanol of spectra-grade purity were obtained from Nacalai Tesque and dried over molecular sieves (3A) for more than two days, and then carefully distilled. Tetra(n-butyl)ammonium perchlorate (TBAP) was used for electrolysis and electrophoresis, being prepared as reported in a previous paper 15 and then dried in a high vacuum before use. All other chemicals were of analytical grade.
Apparatus
All separations were performed on a laboratory-made system consisting of a Matsusada HCZE-30 PNO high-voltage power supply (Siga, Japan), a Jasco CE-970 detector (Tokyo, Japan) and a Shimadzu C-R6A chromatopac integrator (Kyoto, Japan). Polydimethylsiloxane-coated capillaries (DB-1) were obtained from J & W Science (CA, USA). The capillaries have an internal diameter of 50 µm and an outer diameter of 365 µm. The total length of the capillaries is 50 cm, while the effective length is 25 cm.
Controlled-potential electrolysis was performed in a bulk electrolysis cell of 100 mL, with a three-electrode system consisting of a reticulated vitreous carbon working electrode (BAS, Co., Tokyo, Japan), an Ag/AgNO3 (in acetonitrile) reference electrode, and a platinum-wire counter electrode. 22 
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Hokuto Denko HA-501 potentiostat (Tokyo, Japan) was used for the electrolysis. A Shimadzu SPD-M10A photodiode array detector with an optical path length of 1.0 cm equipped with a Gateway P5-100 personal computer and a Shimadzu LC-10AD pump were used to measure the absorption spectra. 22 
Procedure
Electrophoresis.
Coated-capillaries were rinsed with pure acetonitrile at the beginning of daily experiments. These capillaries were further rinsed for 1 min with distilled acetonitrile and then 30 s with a running solution to be used before each run. The running solutions were prepared under anaerobic condition in an atmosphere of N2 and bubbled with N2 gas for 30 s before each run. Sample solutions were injected on the cathodic side. The applied voltage was fixed at -10 kV, where the current was 12 µA. The detection wavelength was set at 320 or 420 nm for the benzoquinone anion radical and 320 or 450 nm for the chloranil anion radical. As a running solution, acetonitrile containing 25 mM TBAP was used. Sample solutions taken from the electrolysis cell just before each run were injected by siphoning at a height of 10 cm for a 30-s period.
Electrolysis.
The initial concentrations of BQ and CA were 5.0 × 10 -4 and 4.8 × 10 -4 M in electrolysis solutions of acetonitrile containing 10 mM TBAP. The electrode potentials were set at -0.6 V and 0.0 V for BQ and CA, respectively, which are sufficiently negative to generate their anion radicals in consideration of the cyclic voltammograms in our previous work. 22,23 N2 gas was sufficiently bubbled into the sample solution before electrolysis to remove dissolved oxygen. During the measurements (electrophoresis and spectral observation), electrolysis of the sample solutions, which were vigorously stirred and bubbled with N2 gas, was continued to prevent anion radicals from reoxydation.
Results and Discussion
Electrophoresis of the p-quinone anion radicals Figure 1 shows electropherograms of electrolyzed solutions of benzoquinone (BQ) and those of chloranil (CA). We could detect only anionic compounds under these conditions because of injection from the cathodic side and little electroosmotic flow. No peak was observed when we injected the sample solutions before electrolysis. Anionic components indicating clear peaks were detected at 320, 420 nm and 320, 450 nm for the electrolyzed solutions of BQ and those of CA, respectively. These detection wavelengths are the same as maximum absorption wavelengths in the absorption spectra of the benzoquinone anion radical (BQ -) and the chloranil anion radical (CA -), as shown in Fig. 2 . This strongly supports that the detected anionic components were BQ -and CA -.
As electrolysis progressed, the peak heights increased, and then became constant after ca. 20 min and 10 min from the beginning of the electrolysis of BQ and CA, respectively. In both cases of BQ and CA, the time at which the peak heights became constant was consistent with the time to finish the electrolysis (electrolysis currents became zero). This also supports the detection of p-quinone anion radicals. Except in Fig. 1-A1 and B1, electrolysis-finished sample solutions were injected in all measurements.
The estimated electrophoretic mobility of BQ -and CA -in the acetonitrile system was 0.046 and 0.040 cm 2 /min/V, respectively. This is a reasonable result because of the larger size of CA -compared with BQ -(see Fig. 1 ). The separation efficiencies (theoretical plate) were 21000 and 10000 m -1 for BQ -and CA -, respectively. The reproducibility of the migration time became less than 0.6 (% R.S.D.) for five runs. Figure 3 shows electropherograms of BQ -using a running solution with (A) N2 gas bubbling for 30 s (usual treatment), (B) O2 gas bubbling for 5 min and (C) the addition of 1% water and 100 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 N2 gas bubbling for 30 s, respectively. O2 and water in the running solution caused serious damage to BQ -, while there was little damage to CA -in this condition (data not shown). Namely, a large part (ca. 80%) of BQ -seemed to be quenched to be BQ by O2 during electrophoresis. The addition of only 1% water to the running solution caused a complete disappearance of the peak of BQ -. This disappearance would be attributable to the formation of a stable quinhydrone complex, as indicated in Fig. 4 . 22 Because the quinhydrone complex is non-ionic, it should not have been detected along with BQ in this system in which the electroosmotic flow rate was nearly zero.
Effect of water and oxygen in running solution
On the other hand, a small decrease in the peak area of CAwas observed during electrophoresis in the O2 saturated medium. This much slower quenching (reoxydation) of CA -by O2 compared with BQ -is interpreted in terms of the decrease in the electron density on the conjugated system, which occurred by the four "electron-attracting" chloro-substituents, meaning a remarkable stabilization of the anion radical. 23 This situation is evidently reflected in the half-wave reduction potentials, evaluated as -0.519 and 0.035 V (vs. SCE) for the redox couples of BQ/BQ -and CA/CA -.
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These electron-attracting chloro-substituents also markedly decrease the proton-accepting ability of carbonyl oxygen atoms, and there would be a slight protonation from water. Such protonation should cause a decrease in the net charge of the analytes and, thus, a marked decrease in the electrophoretic mobility; but, we could observe a small decrease in the mep of CA -. The bulky chloro-substituents would also block the formation of a stable quinhydrone complex. However, CA -seems to be exceptionally stable in pquinone radicals. In general, a sufficient removal of O2 and water from the running solutions would be necessary for the CE separation of anion radicals.
Dependence of electrophoretic mobility on the concentration of methanol in running solutions
In a previous paper, 22 Okumura and Uno showed that the oneelectron reduction of BQ strengthened the hydrogen-accepting ability of the carbonyl oxygen significantly and, as a result, BQformed a much stronger hydrogen-bonding complex with methanol molecules in acetonitrile compared with BQ. Accordingly, we expected the contribution of a hydrogenbonding interaction to control the migration the behavior of BQand CA -. Figure 5 shows the dependence of electrophoretic mobility (mep) of BQ -and CA -on the concentration of methanol in running solutions. Under these conditions, mesityloxide as an electroosmotic flow marker was not detected within 90 min (at 210 nm). Thus, we estimated mep, assuming meo ≈ 0. 24 The formation of complexes with methanol molecules should decrease mep of BQ -and CA -because of an increase in the apparent hydrodynamic radius. A stronger interaction would cause a larger decrease in mep. As shown in Fig. 5 , BQunderwent a significant reduction of mep, while CA -underwent a small one. This result can be interpreted in terms of a hydrogen-bonding interaction between the p-quinone anion radicals and methanol, taking into account the hydrogenaccepting ability of BQ -and CA -described above. Thus, the hydrogen-bonding interaction would work effectively in this system.
In conclusion, the proposed method is useful to separate and to detect BQ -and CA -. We will be able to detect unstable ionic the radicals, such as BQ -, using this non-aqueous system. An interaction with methanol added to the separation medium 101 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 , benzoquinone anion radical; , chloranil anion radical.
decreased the electrophoretic mobility of BQ -and CA -, reflecting their hydrogen-bonding basicity. This also suggests the usefulness of this method to study the features of the radicals. A related study is in progress.
